A number of unassigned viruses in the family Paramyxoviridae need to be classified either as a new genus or placed into one of the seven genera currently recognized in this family. Furthermore, numerous new paramyxoviruses continue to be discovered. However, attempts at classification have highlighted the difficulties that arise by applying historic criteria or criteria based on sequence alone to the classification of the viruses in this family. While the recent taxonomic change that elevated the previous subfamily Pneumovirinae into a separate family Pneumoviridae is readily justified on the basis of RNA dependent -RNA polymerase (RdRp or L protein) sequence motifs, using RdRp sequence comparisons for assignment to lower level taxa raises problems that would require an overhaul of the current criteria for assignment into genera in the family Paramyxoviridae. Arbitrary cut off points to delineate genera and species would have to be set if classification was based on the amino acid sequence of the RdRp alone or on pairwise analysis of sequence complementarity (PASC) of all open reading frames (ORFs). While these cut-offs cannot be made consistent with the current classification in this family, resorting to genus-level demarcation criteria with additional input from the biological context may afford a way forward. Such criteria would reflect the increasingly dynamic nature of virus taxonomy even if it would require a complete revision of the current classification.
In attempts to classify the seven viruses in the family Paramyxoviridae, which are not assigned to a genus, and after the decision by the International Committee on Taxonomy of Viruses (ICTV) executive committee to allow classification of viruses for which only the nucleotide sequences are available, it became clear that the currently available criteria are insufficient to unambiguously place viruses in specific taxa in the family Paramyxoviridae. The seven unassigned viruses are Nariva, Mossman, Tupaia paramyxo-and Salem viruses as well as the more recently isolated beilong, J and Tailam viruses. These have all been described as morbillilike viruses on the basis of amino acid sequence motifs of their P proteins [5] .
The classical criteria used for assigning a virus to a given genus and species in the family Paramyxoviridae have 1 3 developed historically and were based on the properties of a virus which could be assessed by biochemical assays and SDS-PAGE before sequencing of genomes and proteins was available. One of the first criteria used to differentiate viruses in this family was the presence of neuraminidase and/or haemagglutination activity as these required no knowledge of protein or nucleic acid compositions and could be assessed with tests that preceded molecular characterisation of the viruses. These tests distinguished, for example, the current genus Respirovirus (members of which have both haemagglutination and neuraminidase activity) from Morbillivirus (in which neuraminidase activity is absent). However, haemagglutination was not always demonstrable in all of the members of, for example, the morbilliviruses. Several single reports exist in the literature which show haemagglutination activity in morbilliviruses with very specific sets of red blood cells under very specific conditions (e.g. [9] , but the frequent lack of confirmation made this criterion inconclusive. The absence or presence of the enzymatic neuraminidase activity has been a more resilient criterion that clearly and reliably distinguished the morbilliviruses from the other then known paramyxoviruses. In the past host range was also used as a strong determinant (Table 1) . However, when it became clear that most viruses classified in the family have a strong potential to make host range jumps, the use of this as a phylogenetic determinant became problematic. As more recent metagenomics has shown the presence of many similar and directly related viruses in animals and humans, host range has become an even less clear criterion. Recent studies on potential reservoir hosts, especially bat species, Table 1 Comparison of properties of unassigned viruses with those currently recognized virus species in the family Paramyxoviridae 1 PASC values of either species in comparison to all morbillivirus species or members of a genus compared to the genus morbillivirus 2 ATUs = Additional transcription units in excess of the normally found N-P-M-F-{G/H(N)}-L set 3 number of G residues inserted by co-transcriptional editing that gives rise to V or P or W proteins 4 C protein is identified (C) or ORF is present in the sequence (ORF) have indicated that there are many previously unknown paramyxoviruses [12] . When the ICTV study group attempted to apply the historically used set of criteria to classify seven unassigned species in the family Paramyxoviridae it became clear that using host species does not assist in reaching a rational classification (Table 1) as five of the viruses were isolated from rodents whilst the Salem virus and Tupaia paramyxovirus were isolated from a horse and tree shrew respectively. A third important historical criterion developed in the classification of members of the Paramyxoviridae family was the size of the P protein and this was augmented by criteria based on the presence of an overlapping reading frame encoding a C protein and whether or not the virus genome generated P or V protein encoding mRNAs in the absence of co-transcriptional editing. Co-transcriptional editing of mRNA allows the generation of mRNAs that access alternative open reading frame (ORF) by insertion of non-templated G residues (see Table 1 ). The size of the P protein (smaller in the Rubulavirus genus than in other genera in SDS-PAGE) and the presence of an overlapping ORF encoding a C protein led to the distinction between the rubulaviruses, which encode V protein from unedited transcripts and the respiroviruses, which require editing and the consequential frame shift for the synthesis of V protein.
However, application of these criteria to the classification of the seven unassigned viruses again led to inconsistencies. Annotation of the Salem virus complete genome sequence indicates that it directly encodes a V protein and has a small P protein (< 460 aa), consistent with membership of the Rubulavirus genus, yet many other sequence characteristics are similar to the other unassigned viruses and to members of the genus Morbillivirus. Reliance on the need for editing to express the V protein for classification also leads to inconsistencies if this criterion is applied to members of the genus Avulavirus, which themselves were distinguished from those belonging to the genus Rubulavirus on the basis of their avian host range. Most of the avulaviruses encode P proteins from unedited transcripts except avian paramyxovirus 11, which is proposed from sequence data to require insertion of two G residues during co-transcriptional editing to generate mRNA expressing the P protein. Thus, neither criteria on co-transcriptional editing nor the size of the P protein are applied consistently in the current classification. The avula-and rubulaviruses also stand apart from the others because of the absence of an overlapping ORF at the 5' end of the coding sequence for P/V that encodes a C protein, a feature they share with members of the Ferlavirus genus and Salem virus.
The genome organisation in terms of the number and order of transcription units (TUs) were applied as further criteria when more complete genome sequences became available for the members of the family (Figure 1 ). The criterion of numbers of TUs was violated immediately when the rubulaviruses were not separated into two groups i.e. those with 7 TUs e.g. mumps virus and parainfluenza virus type 5 (PIV5), which encode a small hydrophobic (SH) protein and the others with 6 TUs, which lacked the SH TU and protein. Members of the genus Ferlavirus have an additional TU between the N and P/V genes. The unedited mRNA copied from their genome template also encodes a V rather than the P protein (as in the rubulaviruses) and the P protein itself is of an intermediate size of 429 amino acid residues in length.
Collectively the seven unassigned viruses have been described as morbillivirus-like [5] . However, the suggestion for the classification of the unassigned species in a separate genus creates a similar inconsistency already accepted within the classification of the rubulaviruses. Beilong-, J-and Tailam viruses should then be distinguished from Nariva-, Mossman-and Tupaia paramyxovirus as well as from Salem virus on the basis that their genome sequences show the presence of two extra TUs encoding an SH protein and a trans-membrane protein of as yet undetermined functions ( Figure 1 ).
It can be seen that all the criteria that were used historically, have in one case or more been applied inconsistently in the current classification in this family. Continuing classification on these criteria is likely to lead to further inconsistencies that will undermine the classification process. The potential number of paramyxoviruses that are to be newly classified may well be very great as there is vast sequence diversity in wildlife reservoirs [12] . For many of the new viruses the only information available will be their nucleotide sequence and inferred genome organisation. It is unlikely that the historically used parameters, especially biological parameters such as the presence of neuraminidase or haemagglutination activity or receptor usage and even less likely pathogenesis, if any, will be determined for these viruses. Moreover, in many cases when "virus sequences" are derived from metagenomic studies there will not even be an infectious agent to study. As a consequence of the recent decision by the ICTV executive committee to allow classification of such sequences [11] , the study groups may be required to re-examine and possibly develop new schemes for classification in their respective families.
PASC analysis
One currently applied methodology in virus classification is pairwise amino acid sequence comparison (PASC). PASC analysis is currently used at the NCBI web site as an aid in virus classification. It aligns sequences using BLAST of all the proteins in a virus to those of all other viruses in the comparison and then computes a score of identity to all the other viruses in the family or genus [2] . However, applying it in the family Paramyxoviridae highlights the conundrum that must be solved.
Using comparisons between the currently recognized members of the genus Morbillivirus it is clear that the current classification is validated by PASC if the cut off points for species and genus are chosen carefully. The six older members within the current genus have identities between 53 and 68 in between species comparisons. A comparison of canine distemper virus (CDV) with phocine distemper (PDV) generates a small peak in the histogram with a value of 74 (Table 1 ). These two viruses are known to be very closely related but CDV and PDV were assigned todifferent species, largely based on the host from which they were isolated. However, in subsequent analysis it became clear that the host ranges of these viruses overlapped. The other outlier is the newly classified feline morbillivirus (FeMV) with a PASC value of 45. PASC analysis thus validates the classification of the current species within the genus if a lower cut-off point of greater than 74 and less than 84 (defined by the variation between two members of the species small ruminant morbillivirus) is applied for the definition of a species and around 45 for the lowest identity value in PASC analysis for a virus to belong to the genus Morbillivirus.
However, difficulties arise when comparing the seven unassigned viruses with established members of the Morbillivirus and Henipavirus genera ( Table 2 ). This clearly shows that using PASC to make decisions here does not allow the setting of clear cut-off points and indicates that the beilong, J and Tailam viruses have slightly higher PASC values in comparisons to the henipaviruses whilst Salem, Mossman, Nariva and tupaia viruses have the highest value when compared against the morbilliviruses. It is relevant here that Hendra virus was originally given the name equine morbillivirus on the basis of several shows identity values of around 0.33. Thus, classification based on PASC analysis would require the generation of at least two new genera between the morbilliviruses and the henipaviruses: one containing Mossman, Nariva, Salem and tupaia paramyxovirus closer to the morbilliviruses and the other containing J, beilong and Tailam viruses closer to the henipaviruses. However, to sustain this classification arbitrary and different cut-off points would have to be set to distinguish them from the Morbillivirus genus or the Henipavirus genus. This underscores the need for continued input from expert study groups to set such arbitrary demarcation criteria. PASC analysis clearly separates the rubulaviruses and avulaviruses from the morbilliviruses, but it is also clear that the PASC identity comparisons between the Ferlavirus and Aquaparamyxovirus genera show these to be closer to the respiroviruses than to the morbilliviruses and even further from the rubulaviruses and avulaviruses, with identities ranging around 30 (Table 3 ). Table 3 also shows that assigning the Fer-de-Lance virus and Atlantic salmon paramyxovirus to separate genera based on the host from which they were isolated and also on genome organisation, has generated inconsistencies if PASC identity values are used as a sole criterion.
Overall it seems clear that PASC analysis alone will not help in placing the unassigned viruses in what is a continuum between the ferla-, aquaparamyxo-, respiro-, morbilliand henipaviruses. The rubula-and avulaviruses are clearly separate from this continuum, but form one between them.
RdRp motifs as classification criteria
Comparisons of amino acid sequences of the RdRps can provide criteria for the establishment of a new family in the order Mononegavirales (Rima, in preparation) and with the current number of viruses this still leads to the recognition of distinct groupings. Dissimilarities in the RdRp amino acid sequences were one of the reasons, together with a number of other specific characteristics, for classifying the Pneumoviridae as a different family in the order Mononegavirales [10] . Motifs and sequences in RdRp motif analysis also demonstrate the differences in the Paramyxoviridae between on the one hand the rubula-and avulaviruses and on the other the 5 remaining recognized genera and the unassigned viruses. This distinction is also demonstrated clearly in a phylogenetic tree based on the comparisons of the complete amino acid sequences of the L or RdRp proteins of all 65 currently known species in the family (Figure 2 ) including a recently newly identified bank vole virus [1] . However, again using such trees for classification into lower taxa such as the genus and species may require setting arbitrary taxonspecific cut-off criteria.
The seven unassigned morbilli-like viruses contain all the RdRp sequence motifs that are characteristic of all the current members of the morbillivirus genus, though the lengths of the insertions in the hinge regions identified in the L protein varies for each of the viruses. Furthermore, the genome organisation differs in at least in three of them ( Figure 1 ) as there are two additional transcription units encoding an SH and a transmembrane protein. Biological differences like these may prompt classification of J, beilong and Tailam viruses into a separate genus. However, the classification of Salem virus versus Nariva, Mossman and bank vole viruses again raises questions about where to set cut-off points; these are issues for consideration by future expert study groups.
Basing the classification of the Paramyxoviridae on RdRp sequences should also take account of a number of facts namely that (i) the data bases contain sequences which have internal deletions, (ii) in some cases conserved motifs are only found in alternate reading frames due to single nucleotide deletions and insertions in the sequences reported in the data banks and (iii) recent experience with deep sequencing indicates that the traditional Sanger sequencing methods in virus samples in which defective interfering (DI) particles predominate probably has established sequences of DI RNAs rather than the authentic standard virus RdRp sequence. Hence, it is paramount that well curated sequences only should be used for this analysis.
Receptor usage as a criterion for classification
A recent publication [13] suggested that receptor usage could be considered as a potential criterion for classification of viruses. Whilst this may work for viruses such as morbilliviruses and henipaviruses for which the receptors have been identified it is more difficult to apply this to viruses which use sialic acid as the primary attachment module. In their consideration of this proposal Zeltina and coworkers [13] already mention exceptions and difficulties in this approach.
The amino acid motif NRKSCS is found consistently at the start of propellor blade 2 in the haemagglutinin-neuraminidase proteins of viruses that have neuraminidase activity [7] . Table 4 shows the equivalent sequences in all the paramyxoviruses. It is clear that the cysteine residue is conserved in all the viruses and that the motif is absent in those viruses that are known to use protein receptors such as the morbilli-and henipaviruses. However, the NRKSCS motif is also absent in a number of viruses that have been classified as rubulaviruses based on the size of the P protein and sequence motifs in the RdRp. It would also be unclear without further biochemical studies whether the NRKSCS to NRRSCS mutation in viruses such as beilong, J and Tailam viruses would render the protein inactive. It is unlikely that this type of information will ever become established for many of the viruses that will require classification and which are known only on the basis of their nucleotide sequence information making it unattractive as a main criterion for classification.
Other criteria
The close relationship in terms of sequence similarity between J and beilong viruses with the henipaviruses (Table 2 ) led to the suggestion of a further criterion namely the ability of plasmids expressing the N, P and L proteins of one of these viruses to successfully rescue minigenome constructs of any of the other viruses. J and beilong viruses can be "cross-rescued" but were unable to rescue henipa (Nipah) virus minigenomes. In the past it has been shown that three species of morbillivirus CDV, measles virus (MV) and rinderpest virus (RPV) did "cross-rescue" [3] , so this would argue to place J and beilong viruses in the same genus. The application of this criterion as well as another relating to potential superinfection immunity established by persistent or acute infection of one virus to another [8] may have application in well studied viral systems but would most probably never be realizable in the plethora of virus sequences that the ICTV study group is now asked to classify. These criteria cannot be applied because of lack of data for the "recognized but unassigned" morbillivirus-like viruses that pose the current question in classification.
Conclusions
Ideally, the classification of viruses should allow a relatively expert reader to immediately recognize a set of likely characteristics of the virus. This provides meaning to a statement that a specific virus is classified in a given taxon. The more genera and species introduced into a classification scheme the lower the immediacy of the recognition. There [4] . The tree with the highest log likelihood (-173347.50) is shown. Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using a JTT model, and then selecting the topology with superior log likelihood value. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. All positions containing gaps and missing data were eliminated. There were a total of 1995 positions in the final dataset. Evolutionary analyses were conducted in MEGA7 [6] . Printed in red are those viruses which are still formally to be classified (color figure online) However, with classification in lower taxa such as genus and species none of the criteria that are discussed here lead to a classification that is easily understood or compliant with the classical ones. This particularly the case for the "viruses" for which nothing else would be known than only a full length genome sequence (assuming that the sequence is correct and not based on some defective virus).
With the avalanche of metagenomic data, we understand that classical criteria are no longer up to the task. Sequence based methodologies informed by the relevant biological context may be the only practical way forward. Even so, any sequence-based criteria would have to be fluid. It is inevitable that immediacy of recognition will be lost, if it is necessary to know what specific motif variations in the RdRp or what position in a phylogenetic tree are used as criteria for classification in a specific genus or species. While it might be possible to generate numerous new genera and species on the basis of nucleotide or protein sequence variation in a description of the variation and possible evolutionary relationships within the family, the usefulness of this activity and its acceptance by the community of virologists remains an open question in the near term. In the long term, as the datasets become more complete, and machine learning algorithms more sophisticated, sequenced based methodologies for virus classification might more accurately reflect the true evolutionary relationships within this family.
Funding The authors received no funding specific to this paper as they volunteer as members of the ICTV Study Group.
Compliance with ethical standards
Conflict of interest They all declare that they have no conflict of interest in relation to this article.
Human and animal rights statement This article does not contain any studies with human participants or animals performed by any of the authors.
